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1. Introduction 
Today enterprises face many rigorous competitive market pressures and challenges, 
including the globalization of competition and cooperation, a variety of customer 
requirements and shortened product-life cycles. An enterprise has to seek effective methods 
to adjust the management strategy and to sustain competitive advantage. For example, 
Material Requirement Planning (MRP), Manufacturing Resource Planning (MRPII) and 
Enterprise Resource Planning (ERP) (Enns, 2002; Min & Zhou, 2002) are used to integrate 
the operation processes and resources for enterprises. The purpose of these tools is to reduce 
the response time to meet the market demand and increase customer satisfaction. 
As the Internet and information technology grow rapidly, the industrial environment 
becomes more competitive for individual enterprises. In the global marketplace, no longer 
do individual enterprises compete as an independent entity but rather as an integral part of 
the supply chain (Enns, 2002). In other words, each enterprise will depend on its 
management ability to integrate and coordinate the complicated network of business 
relationships among supply-chain members (Cooper & Lambert, 2000). Therefore, supply-
chain management (SCM) has become one of the most important issues for enterprises. 
A supply chain may be viewed as an integrated system that performs the procurement of 
raw material, its transformation to intermediate and end-products, distributor and 
promoting of the end-products to either retailers or customers (Cooper & Lambert, 2000; 
Min & Zhou, 2002). In recent years, many researchers have become very interested in 
supply-chain management problems and the concepts of SCM from different viewpoints 
which have been presented (Christopher et al., 1998; Cooper & Lambert, 2000; Lee et al., 
1997; Ross, 1997; Richard et al., 2003). Unfortunately, there is no explicit description of 
supply-chain management or its activities in the literature (Tan, 2001). For example, New 
and Payne (1995) described supply-chain management as the chain linking each element of 
the manufacturing and supply processes from raw materials to the end user, encompassing 
several organizational boundaries. Jukka et al., (2001) described supply-chain management 
as a new way to provide goods and services to the end-customer at the lowest cost and 
highest service level, for which centric approach to managing the supply chain is no longer 
appropriate. SCM is an integrated approach to increase the effectiveness of the logistics 
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chain by improving cooperation between members in the chain. Figure 1 shows that the 
activities of a supply chain are comprised of two fundamental procedures: (1) the 
production layout and inventory control process, and (2) the distribution and logistics 
process (Beamon, 1998).  
There is a growing interest in exploiting supply-chain models in real applications and in 
developing decision-support systems to enhance supply-chain management and control. 
However, a real supply chain operates in an uncertain environment. Different sources and 
types of uncertainty exist along the supply chain and these make supply-chain management 
problems more complex (Lee et al., 1997; Dejonckheere et al., 2002; Dolgui & Ould-Louly, 
2002; Ouyang & Chang, 2002). In general, the supply-chain system is essential to provide the 
precise commitment of customers, promise the customers to deliver on time, and maintain 
the requirement of product and service quality. Facing the dynamic states of the external 
market, however, the various operation times are not easy to determine in real supply 
chains. Therefore, the enterprise cannot always fulfill the exact promised time for customers. 
In general, decreasing the inventory and shortening the operation time are the two main 
criteria for evaluating the performance and resolving the uncertainty problems in a supply-
chain system (Petrovic et al., 1998; Petrovic, 2001). The operation time includes the time 
necessary for order processing, the production time and/or the transportation time. 
Traditionally, uncertain parameters in operation-time problems have been modeled by 
probability distributions in the literature (Mon et. al., 1995; Dolgui & Ould-Louly, 2002; 
Stevenson, 2002; Fatemi Ghomi & Rabbani, 2003; Dubois et. al., 2003). However, uncertain 
parameters can only be specified using the experience and subjective judgment of managers. 
The standard probabilistic reasoning methods are not appropriate to deal with this type of 
uncertainty problem (Petrovic et al., 1998; Petrovic, 2001). Therefore, in order to deal with 
the various uncertainties in operation time and the subjective judgment of decision makers, 
triangular fuzzy numbers will be used to express the lead-time for each member of the 
supply chain. Considering these uncertainties in operation time, we propose an order 
fulfillment analysis model for a supply-chain system by combining fuzzy-set theory with 
program evaluation and review technique (PERT). 
Program evaluation and review technique (PERT) (Chen & Chang, 2001; Dubois et al., 2003; 
Fatemi Ghomi & Rabbani, 2003) is the most widely used management technique for 
planning and coordinating large-scale projects. By using PERT, managers are able to obtain 
(Stevenson, 2002): 
(1) a graphical display of project activities, 
(2) an estimate of how long the project will take, 
(3) an indication of which activities are the most critical to timely project completion, 
(4) an indication of how long any activity can be delayed without delaying the project. 
Therefore, PERT is suitable for computing the order-completion time and forecasting the 
order-fulfillment ability in the supply-chain system. In traditional program evaluation and 
review techniques, various dynamic activity durations must be a crisp number or obedient 
to a certain probability distributions which usually are of Beta type. In PERT, we must 
specify an optimistic time, a most probable (or most likely) time, and a pessimistic time to 
estimate the duration of each activity. Optimistic time is the “best” activity completion time 
that could be obtained in a PERT network. Probable time is the most likely time to complete 
an activity in a PERT network. Pessimistic time is the “worst” activity time that could be 
expected in a PERT network. The three times are used to calculate an expected completion 
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time and variance for each activity (Dawson & Dawson, 1995 1998; Premachandrak, 2001). 
However, precise information about the durations of activities is seldom available in some 
contexts, like the early rough planning of long range projects.  
In a real situation, the operation time of each activity is usually difficult to define and 
estimate. This implies that the activity time may be ill defined. Therefore, in recent years 
many researchers have developed the fuzzy PERT (FPERT) by combining the concepts of 
fuzzy-set theory with PERT to solve the project planning and control problem (Chen & 
Chang, 2001; Dubois et al., 2003; Fatemi Ghomi & Rabbani, 2003; Hapke & Sloinski, 1994; 
Hapke & Sloinski, 1996; Kuchta, 2001, Mon et al., 1995; Fatemi Ghomi & Teimouri, 2002). In 
FPERT, a fuzzy number can be used to express the duration time of each activity. The fuzzy 
PERT was first presented by Chanas & Kamburowski (1981). They use the fuzzy numbers to 
express the durations of all activities in project network. Based on the given possibility 
distributions of activity durations, the possibility distribution of the project completion time 
can be derived. In fact, the three time estimates are used to express the fuzzy duration of all 
activities in their method. And then, the α-cut of fuzzy number is applied to calculate the 
interval of completion time of project network. However, it can obtain the different intervals 
of completion time with different α values. Under this condition, we cannot indicate the 
critical activities and paths effectively in a project network. Mon et al., (1995) assume that 
the duration of each activity is positive fuzzy number. Using the α-cut of each fuzzy 
duration, the interval is denoted by ],[
~ ααα
RL aaA = . In this interval, αLa  is the lower 
bound of duration and 
α
Ra  is the upper bound of duration. Applying the linear 
combination of 
αA
~
 to represent the operation time of each activity and determine the 
critical activities and paths. However, this approach will find the different critical activities 
and paths in accordance with α values. Chanas % Zielinski (2001) assume that the operation 
time of each activity can be represented as crisp, interval or fuzzy number. The operation 
procedure of this method like as the method of Mon et al., (1995). Dubois et al., (2003) 
indicated that each activity has different importance on a critical path. Therefore, they 
proposed a method to calculate the importance degree of each activity and path when 
choice a set of activities randomly. In these fuzzy PERT methods, fuzzy numbers are used to 
express the operation times of activities to reduce the uncertainties. However, these fuzzy 
PERT methods are complicated for calculating the critical degrees of each activity and path. 
Additionally, these methods cannot compute the possibility of meeting a certain 
requirement time effectively and easily. 
For a supply-chain network, the most important issue for manager is to compute the 
fulfillment degree effectively when the due-date is given by customer. Therefore, in this 
paper, a revised FPERT method is proposed to calculate the fuzzy completion time and 
identify the fulfillment degree for the supply-chain system. In the calculation process, the 
generalized mean-values method (Lee & Li, 1988) is applied to rank the fuzzy operation 
times and determine the critical members of the supply chain. Then, an available-to-promise 
(ATP) index is defined by comparing the fuzzy completion time and required due date of 
the customer. According to the ATP value, the order fulfillment ability of a supply-chain 
system can be quickly identified in specific market conditions. 
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In this chapter, a revised FPERT method is applied to a cycle-time management problem in 
a supply-chain system. First, the fuzzy completion time of the supply-chain system is 
calculated with the Fuzzy PERT method. Second, the critical degrees of members and paths 
of the supply-chain system are identified in accordance with the fuzzy float time of 
members. Next, the index of available-to-promise (ATP) is defined and calculated to 
indicate the order-fulfillment degree of the supply-chain system. Finally, a simulation 
analysis is presented to illustrate the procedures for our proposed method at the end of this 
paper. 
2. Fuzzy sets and notations 
A fuzzy set can be defined mathematically by assigning to each possible element in the 
universe of discourse a value representing its grade of membership in the fuzzy set (Zadeh, 
1965). This grade corresponds to the degree to which that element is similar to the concept 
represented by the fuzzy set. Thus, elements may belong in the fuzzy set to a greater or 
lesser degree as indicated by a larger or smaller membership grade. As already mentioned, 
these membership grades are very often represented by real number values ranging in the 
closed interval between 0 and 1 (Klir & Yuan, 1995). 
2.1 Fuzzy number 
The fuzzy number A
~
 is a fuzzy set whose membership function ( )x
A
~μ  satisfies the 
following conditions (Klir & Yuan, 1995): 
(1) ( )x
A
~μ  is piecewise continuous; 
(2) ( )x
A
~μ  is a convex fuzzy subset; 
(3) ( )x
A
~μ  is normality of a fuzzy subset. It implies that at least one element 0x  must have 
a membership grade of 1 for the fuzzy set,  i.e., ( ) 10~ =xAμ .  
2.2 Theα -cut of fuzzy number 
The α-cut of fuzzy number A~  is defined as 
 { }X,)(:~
A
~ ∈≥= iii xxxA αμα  (1) 
where α ∈[ , ]0 1 . 
The symbol 
αA
~
 represents a non-empty bounded interval contained in X, which can be 
denoted by ],[A
~ ααα
RL aa= , αLa  and αRa , the lower and upper bounds of the closed 
interval, respectively (Kaufmann & Gupta, 1991; Zimmerman, 1991). 
Give any two positive fuzzy numbers 
~m  , 
~n  and a positive real number r, the α-cut of 
two fuzzy numbers are ],[m~ ααα ul mm=  and ~ [ , ]nα α α= n nl u  ( ]1,0[∈α ), 
respectively. According to the interval of confidence (Kaufmann & Gupta, 1991), some main 
operations of positive fuzzy numbers 
~m  and 
~n  can be expressed as follows: 
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 ,],[)n~m~( ααααα uull nmnm ++=⊕  (2) 
 ,],[)n~m~( ααααα luul nmnm −−=Θ  (3) 
where ⊕ and Θ  are fuzzy additive and subtractive operators, respectively.  
2.3 Triangular Fuzzy Number (TFN) 
A triangular fuzzy number is a popular type of fuzzy number, which can be expressed as 
),,(
~
umlT = . When 0>l , then T~  is a positive triangular fuzzy number (PTFN) (Dubois & 
Prade, 1980; Zimmerman, 1991). The membership function of positive triangular fuzzy 
number T
~
 (shown in Figure 2) is defined as: 
 ( )
⎪⎪
⎪
⎩
⎪⎪
⎪
⎨
⎧
≤≤−
−
≤≤−
−
=
otherwise
uxm
mu
xu
mxl
lm
lx
x
T
,0
,
,
~μ     (4) 
where 0>l . 
When given two positive triangular fuzzy numbers ( )1111 ,,~ umlT =  and ( )2222 ,,~ umlT = , 
the additive (⊕ ) and subtractive (Θ ) operations between them can be expressed as 
follows (Kaufmann & Gupta, 1991): 
 ( )21212121 ,,~~ uummllTT +++=⊕   (5) 
 ( )21212121 ,,~~ lummulTT −−−=Θ  (6) 
2.4 Ranking method for fuzzy numbers 
Many ranking methods have been developed to transform fuzzy numbers into crisp values 
(Chen & Hwang, 1992; Nicole et al., 2002). Lee & Li (1988) presented the so-called 
generalized mean value method. It is very easy to compare fuzzy numbers with this 
method. Let ),,(
~
umlT =  be a triangular fuzzy number whose defuzzied value is easily 
computed (Lee & Li, 1988) as 
 
3
)
~
(
uml
TG
++=   (7) 
and  
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 ]ln[
18
1
)
~
( 222 mnlmnmlTS −−−++=   (8) 
where )
~
(TG  is the generalized mean value and )
~
(TS  is the deviation of fuzzy number 
T
~
, respectively.  
Suppose ),,(
~
1111 umlT = and ),,(~ 2222 umlT = are two triangular fuzzy numbers. If 
)( 1TG > )( 2TG , then 1
~
T > 2
~
T ; if )( 1TG = )( 2TG  and )
~
( 1TS < )
~
( 2TS , then 1
~
T > 2
~
T ; if 
)( 1TG = )( 2TG  and )
~
( 1TS = )
~
( 2TS , then 21
~~
TT ≈ . 
3. Fuzzy PERT  
Because the durations of activities in supply-chain network are usually difficult to estimate 
and determine exactly, it is reasonable way to use the fuzzy numbers to describe the 
durations. Therefore, positive triangular fuzzy numbers are used in this paper to express the 
operation time of each activity (member) on the supply-chain network. In general, there are 
two conventions for constructing a network graph. These conventions are referred to as 
activity-on-arrow (AOA) and activity-on-node (AON) (Stevenson, 2002). Both conventions 
are illustrated in Figures 3 and 4. In this paper, an activity-on-node (AON) graph is adopted 
to represent a project network. This graph includes two virtual activities of null duration, 
the initial node (I) and the ending node (E). According to the computation procedure of 
PERT, the forward pass is performed to calculate the fuzzy earliest-start-time and fuzzy 
earliest-finish-time as  
 }
~~
{
~
max
)(
j
e
j
iPj
e
i dSS ⊕= ∈  (9) 
 i
e
i
e
i dSF
~~~ ⊕=    (10) 
where 
 
e
iS
~
 is the fuzzy earliest-start-time of activity i  and eiF
~
 is the fuzzy earliest-finish-time of 
activity i . If i =I, then )0,0,0(
~ =eIS . If i = E , then endeE TF ~~ = . endT~  is the fuzzy 
completion time of supply-chain network. )(iP  is the set of predecessors of activity i . ejS
~
 
is the fuzzy earliest-start-time of activity j . jd
~
 is the fuzzy operation time of activity j . 
id
~
 is the fuzzy operation time of activity i . 
The backward pass is performed to calculate the fuzzy latest-start-time and fuzzy latest-
finish-time as  
 }
~~
{min
~
)(
j
l
j
iSj
l
i dFF Θ= ∈  (11) 
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 i
l
i
l
i dFS
~~~ Θ=    (12) 
where  
l
iF
~
 is the fuzzy latest-finish-time and 
l
iS
~
 is the fuzzy latest-start-time of activity i . 
In the FPERT process, the generalized mean method (Lee & Li, 1988) is applied to compare 
the fuzzy numbers, and identify 
e
iS
~
, 
l
iS
~
, 
e
iF
~
 and 
l
iF
~
 of each activity i . 
In traditional PERT the float time (slack time) of each activity is difference between latest 
start time and earliest start time, or difference between latest finish time and earliest finish 
time (Stevenson, 2002). According to the 
e
iS
~
, 
l
iS
~
, 
e
iF
~
 and 
l
iF
~
  of each activity i , the 
fuzzy float time can be calculated as  
 
e
i
l
ii SSm
~~~ Θ=    (13) 
or 
 
e
i
l
ii FFm
~~~ Θ=   (14) 
where 
 im
~
 is the fuzzy float time of activity i . 
l
iS
~
 is the fuzzy latest-start-time of activity i . 
e
iS
~
 is the fuzzy earliest-start-time of activity i . 
l
iF
~
 is the fuzzy latest-finish-time of activity i . 
e
iF
~
 is the fuzzy earliest-finish-time of activity i . 
Property: 
According to the definition of 
e
iS
~
, 
l
iS
~
, 
e
iF
~
 and 
l
iF
~
, we know that the Equations (13) and 
(14) are identical. 
Proof:  
Suppose that the cut−α  of eiS~ , liS~ , eiF~ , liF~ , and id~  for activity i  can be represented 
as 
],[
~ ααα
R
e
iL
e
i
e
i ssS = , 
],[
~ ααα
R
l
iL
l
i
l
i ssS = , 
],[
~ ααα
R
e
iL
e
i
e
i ffF = , 
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],[
~ ααα
R
l
iL
l
i
l
i ffF = , 
],[
~ ααα
iRiLi ddd =  
for ]1,0[∈α . 
According to the Equations (10) and (12), we know that 
ααα
i
e
i
e
i dSF
~~~ ⊕=  and 
ααα
i
l
i
l
i dfS
~~~ Θ= . Then, we have 
],[],[],[],[ α
ααααααααα
iRR
e
iiLL
e
iiRiLR
e
iL
e
iR
e
iL
e
i dsdsddssff ++=⊕=  
and 
],[],[],[],[ α
ααααααααα
iLR
l
iiRL
l
iiRiLR
l
iL
l
iR
l
iL
l
i dfdfddffss −−=Θ=  
It implies that 
ααα
iLL
e
iL
e
i dsf += , ααα iRReiRei dsf += , ααα iRLliLli dfs −= , ααα iLRliRli dfs −= . 
Then, 
αααα l
iRL
e
iR
l
iL
e
i fssf +=+  
αααα e
iRL
l
iR
e
iL
l
i sffs +=+  
It implies that  
αααα e
iLR
l
iL
e
iR
l
i ffss −=−  
αααα e
iRL
l
iR
e
iL
l
i ffss −=−  
According to the definition of fuzzy float time, we have  
α
αααα
αααα
αααα
αααα
αα
)
~~
(
],[],[
],[
],[
],[],[
)~~(~
e
i
l
i
R
e
iL
e
iR
l
iL
l
i
L
e
iR
l
iR
e
iL
l
i
L
e
iR
l
iR
e
iL
l
i
R
e
iL
e
iR
l
iL
l
i
e
i
l
ii
FF
ffff
ffff
ssss
ssss
ssm
Θ=
Θ=
−−=
−−=
Θ=
Θ=
 
for ]1,0[∈α . 
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Therefore, one can prove that the Equations (13) and (14) are identical for the fuzzy float 
time of each activity in a supply-chain network.  
In traditional PERT, activity i  is called a critical activity if its float time is zero. In general, 
the fuzzy float time is smaller; the degree of criticality is higher for each activity. Suppose 
that the fuzzy float time of activity i  is denoted by ),,(~ iiii cbam = , and then the degree 
of criticality can be defined as  
 ⎪⎩
⎪⎨⎧ >
≤=
0,)0(
0,1
~ im
i
i bif
bif
CD
i
μ     (15) 
where 
iCD  is the critical degree of activity i . 
)0(~
im
μ  is the membership degree of zero belongs to the fuzzy float time. 
In a supply network, a path is a sequence of activities that leads from the initial node to the 
ending node. According to the critical degree of each activity, the degree of criticality of a 
path can be calculated as 
 }{min)( i
Pi
k CDP
k∈
=π    (16) 
where kP  is the k-th path in the network and )( kPπ  is the critical degree of k-th path. 
If the path P  is critical path, then )(Pπ  must satisfy that }{max)( k
k
PP ππ = .            
4. Order-fulfillment analysis model 
Suppose that there are certain suppliers, manufacturers, distributors and final retailers in a 
supply chain. The operation time from receiving the order to delivering the materials to the 
manufacturer or suppliers ),...,2,1( miS i =  is denoted by ),,(~ 321 iiiS SSSd i =  ; the 
operation of the production of manufacturer kM  is denoted by ),,(
~
321 iiiM MMMd i =  ; 
the operation time of the assembly and distributor is denoted by ),,(
~
321 iiiD DDDd
i
=  ; 
the operation time of the final retailer is denoted by ),,(
~
321 iiiR RRRd
i
= . 
Two basic possible cases in the supply-chain system are discussed below: 
(1) One supplier delivers materials to one manufacturer; one manufacturer delivers 
products to one distributor, who sends the products to the final retailer (shown in 
Figure 5). In this case, the completion time ( endT
~
) of the supply-chain system can be 
computed as: 
 RDMSend ddddT
~~~~~ ⊕⊕⊕=     (17) 
(2) Several suppliers deliver materials to one manufacturer, one manufacturer delivers 
products to one distributor, who sends the products to the final retail (shown in Figure 
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6). In this case, the completion time ( endT
~
) of the supply-chain system may be 
computed as  
 { } RDMSSend dddddT ji ~~~~,~max~ ⊕⊕⊕=     (18) 
An actual supply-chain network may consist of two graphs of cases 1 and 2. Suppose the 
requirement due-date (RDD) of the customer is denoted by R
~
 and the completion time 
(CT) of the supply-chain system is denoted by endT
~
. If CTRDD ≥ , then the supply-chain 
system can satisfy the requirement of the customer completely. However, it is difficult to 
make a comparison between RDD and CT directly when they are fuzzy numbers. Let 
),,(
~
321 rrrR = and ),,(~ 321 eeeTend = , then ),,(~~ 132231 erererTR end −−−=Θ . 
The membership function of fuzzy number endTR
~~Θ  is shown in Figure 7. Therefore, the 
order-fulfillment ability analysis of the supply-chain system is described as follows: 
(1) If 
031 ≥− er , then the order-fulfillment degree is 100%. 
(2) If 
013 ≤− er , then the order-fulfillment degree is zero. In other words, the supply-
chain system cannot deliver on time. 
(3) If 1331
0 erer −<<−
, then the order-fulfillment degree is denoted by the available-
to-promise (ATP). The available-to-promise (ATP) can be defined as 
 
⎪⎪⎩
⎪⎪⎨
⎧
≤−
−≤≤−+
≥−
=
0,0
0,
0,1
13
1331
21
1
31
er
erer
er
ATP δδ
δ
      (19) 
where 
∫∞ Θ=
0
~~1 )( dxx
endTR
μδ  , ∫
∞−
Θ=
0
~~2 )( dxx
endTR
μδ  and )(~~ x
endTRΘμ  is the membership 
function of fuzzy number endTR
~~Θ . 
In other words, when the value 1δ  is larger, the degree of order-fulfillment in the supply-
chain system is higher. Consequently, the supply-chain system is more flexible. It implies 
that the supply-chain system can respond faster to meet the requirements of the customer. 
In a supply-chain network, if the critical degrees of two activities (members) i  and j  are 
identical and 1== ji CDCD  then the generalized mean method (Lee & Li, 1988) can be 
used to determine the priority to shorten the duration and increase ATP value. The 
generalized mean value is smaller; the priority is higher to shorten the duration. 
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5. Analysis of simulation  
In this paper, the following assumptions have made in the supply-chain network. 
(1) The production facilities have unlimited capacities. 
(2)  Customer demand is confined to a single product. 
(3)  The raw material inventory is supplied from an external source. 
(4)  External demand is fulfilled from the end-product inventory. 
In order to implement the simulation analysis, the structure of the supply-chain system is 
assumed to be as shown in Figure 8. In Figure 8, S1 and S2 indicate two suppliers; M1, M2 
and M3 indicate three manufacturers; D1, D2 and D3 indicate three distributors; R1 indicates 
the final retailer. Furthermore, the operation times of the suppliers, the manufacturers, the 
distributor and the retailer are expressed by triangular fuzzy numbers as shown in Table 1. 
According to the fuzzy PERT algorithm, the completion time of the supply-chain network is 
computed as )25,18,13(
~ =endT . According to the computation process of proposed 
method, one can calculate the fuzzy earliest-start-time, fuzzy earliest-final-time, fuzzy latest-
start-time and fuzzy latest-final-time and fuzzy float time of each activity (shown as Table 
1). The critical degree of each activity can be computed based on the fuzzy float time. For 
example, the degree of criticality of 2nd supplier ( 2S ) is denoted by 12 =CD . The critical 
degree of each path of supply-chain network is shown in Table 2. According to Tables 1 and 
2, the critical members are 2S , 2M , 2D , 3D , and 1R ; therefore, it is known that the 
critical paths are ERDMSI →→→→→ 1222  and  
ERDDMSI →→→→→→ 13222  in this supply-chain network. 
The available-to-promise (ATP) can be computed when the requirement due-date (RDD) is 
given by the customer. Given the RDD of the customer, the ATP of the supply-chain system 
can be identified and computed in accordance with equation (19). Suppose that the values of 
RDD are 13,15,18,20 and 25. If R
~
=(13,13,13) and endT
~
=(13,18,25), then 
)0,5,12(
~~ −−=Θ endTR . The ATP of the supply-chain system can be computed as  
0
2
1*12
2
1*12
2
1*12
21
1 =
−
=+= δδ
δ
ATP
 
Under this condition, the order-fulfillment degree of the supply-chain system is zero. This 
implies that the supply chain system cannot deliver on time. 
If R
~
= (18,18,18) and endT
~
=(13,18,25), then )5,0,7(
~~ −=Θ endTR . The ATP of the supply-
chain system can be computed as  
42.0
2
1*)57(
2
1*5
21
1 =+=+= δδ
δ
ATP
 
www.intechopen.com
Supply Chain: Theory and Applications 
 
460 
Under this condition, the order fulfillment degree of the supply-chain system is 42%. 
According to the different RDD values, the ATP of the supply chain system can be 
computed as shown in Table 3. According to Table 3, one can observe that if endT
~
 is fixed 
and RDD is smaller, then the ATP of the supply-chain system is lower (shown in Figure 9). 
Sometimes customers find it is difficult to define a crisp due-date; thus, it is reasonable for 
customers to give a fuzzy due-date in this scenario. For example, if the expected due-date is 
t, then the upper and lower dates will not be greater or smaller than 20% of the expected 
due-date. Thus, the fuzzy due-date is a triangular fuzzy number that can be denoted by 
(0.8t, t, 1.2t). According to Table 3, the crisp RDD values can be extended to fuzzy numbers 
as shown in Table 4. When RDD are fuzzy numbers, the ATP can be computed respectively. 
If )6.15,13,4.10(
~
1 =R  and )25,18,13(~ =endT , then )6.2,5,6.14(~~ −−=Θ endTR . The 
ATP of the supply-chain system may be computed as  
05.0
2
1*)6.146.2(
2
34.0*6.2
21
1 =+=+= δδ
δ
ATP
 
Under this condition, the order-fulfillment degree of the supply-chain system is 5%. 
If )18,15,12(
~
2 =R  and )25,18,13(~ =endT , then )5,3,13(~~ −−=Θ endTR . The ATP of the 
supply-chain system can be computed as  
18.0
2
1*)135(
2
63.0*5
21
1 =+=+= δδ
δ
ATP
  
Under this condition, the order-fulfillment degree of the supply-chain system is 18%. 
When )25,18,13(
~ =endT  and RDD are fuzzy numbers, the ATP of the supply-chain system 
can be computed easily shown as Figure 10. If the completion time of the supply-chain 
system is sooner than the requirement due-date of the customer, the operation time of 
members on the critical path can be shortened to reduce the completion time and increase 
the ATP. In other words, the proposed method can highlight the critical members and 
critical path obviously. 
6. Conclusions 
Along with the growth of information technology, the competition between enterprises has 
transformed into a competition between supply-chains. Thus, a robust management and 
operation model of a supply-chain system will increase the competitiveness for the 
enterprise. In addition, the order-fulfillment ability of the supply chain is the key factor for 
competitive advantage. 
In this chapter, triangular fuzzy numbers have been used to express the various 
uncertainties in operation times. Combining fuzzy set theory and PERT, a fuzzy PERT is 
proposed in this paper to compute the fuzzy earliest-start-time, fuzzy earliest-finish-time, 
fuzzy latest-start-time and fuzzy latest-finish-time of each activity (member) in a supply-
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chain network. And then, a critical degree index based on the fuzzy float time is defined to 
calculate the critical degree of each activity and path of the supply-chain system easily. The 
fuzzy model has been proposed to analyze the order-fulfillment ability of a supply-chain 
system with uncertain operation time. According to the proposed model, the status of each 
critical member of the system can be immediately understood. If the completion time of the 
supply-chain system does not satisfy the requirement due-date of the customer, we may 
adjust the operation times of the critical members to increase the ATP value and customer 
satisfaction. The simulation results show that if an enterprise on the critical path can reduce 
his operation time effectively, the order-fulfillment ability of the supply-chain network 
system may be increased. 
In the future, additional uncertain factors such as crash time and crash cost will be 
considered for developing a fuzzy model to analyze the order-fulfillment degree of the 
supply-chain system. 
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Figure 1. Supply-chain process [Beamon, 1998] 
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Figure 3.  The graph of activity-on-arc (AOA).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  The graph of activity-on-node (AON). 
 
 
 
 
Figure 5. First type of supply chain. 
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Figure 6. Second type of supply chain. 
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Figure 7. Membership function of fuzzy number endTR
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Figure 8. Graph of supply-chain network. 
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 Figure 10. Fuzzy-number requirement due-date. 
 
Node 
 
Operation 
time 
Earliest start 
time 
(ES) 
Earliest 
final time
(EF) 
Latest 
start time
(LS) 
Latest 
final time
(LF) 
Float time 
( m~ ) 
Critical 
degree 
S1 (1,3,4) (0,0,0) (1,3,4) (-5,7,19) (-1,10,20) (-5,7,19) 0.42 
S2 (2,4,5) (0,0,0) (2,4,5) (-12,0,12) (-7,4,14) (-12,0,12) 1 
M1 (2,3,6) (2,4,5) (4,7,11) (-1,10,20) (5,13,22) (-3,6,15) 0.33 
M2 (3,4,7) (2,4,5) (5,8,12) (-7,4,14) (0,8,17) (-9,0,9) 1 
M3 (2,3,4) (5,8,12) (7,11,16) (1,9,18) (5,12,20) (-4,1,6) 0.8 
D1 (2,3,4) (5,8,12) (7,11,16) (5,13,22) (9,16,24) (0,5,10) 0 
D2 (3,4,5) (5,8,12) (8,12,17) (0,8,17) (5,12,20) (-5,0,5) 1 
D3 (4,4,4) (8,12,17) (12,16,21) (5,12,20) (9,16,24) (-3,0,3) 1 
R1 (1,2,4) (12,16,21) (13,18,25) (9,16,24) (13,18,25) (-3,0,3) 1 
 
Table 1. Operation times for each member of supply-chain system. 
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No. Path )( kPπ  
1 ERDMSI →→→→→ 1111  0 
2 ERDMSI →→→→→ 1112  0 
3 ERDMSI →→→→→ 1122  0 
4 ERDMSI →→→→→ 1222  1 
5 ERDDMSI →→→→→→ 13222  1 
6 ERDMMSI →→→→→→ 13322  0.8 
7 ERDMSI →→→→→ 1332  0.8 
Table 2. Critical degree of each path. 
 
R
~
 endT
~
 
end
TR
~~Θ  ATP 
(13,13,13) (13,18,25) (-12,- 5,0) 0 
(15,15,15) (13,18,25) (-10,-3,2) 0.07 
(18,18,18) (13,18,25) (-7,0,5) 0.42 
(20,20,20) (13,18,25) (-5,2,7) 0.7 
(25,25,25) (13,18,25) (0,7,12) 1 
Table 3. ATP values when RDD are crisp values. 
 
R
~
 endT
~
 end
TR
~~Θ
 
ATP 
)6.15,13,4.10(
~
1 =R  (13,18,25) (-14.6,- 5,2.6) 0.05 
)18,15,12(
~
2 =R  (13,18,25) (-13,-3,5) 0.18 
)6.21,18,4.14(
~
3 =R  (13,18,25) (-10.6,0,8.42) 0.44 
)24,20,16(
~
4 =R  (13,18,25) (-9,2,11) 0.63 
)30,25,20(
~
5 =R  (13,18,25) (-5,7,17) 0.90 
)4.38,32,8.25(
~
6 =R  (13,18,25) (0.8,14,25.4) 1 
Table 4. ATP values when RDD are fuzzy numbers. 
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